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INTRODUCTION

Until the recent decade, air quality forecasts hagen largely based on statistical
modeling techniques. There have been significaptawvements and innovations made to
these statistically based air quality forecast n®dearing past years (Ryan et al., 2000).
Forecast fidelity has improved considerably usihgse methods. Nonetheless, being
non-physically-based models, the performance ofe¢hmodels can vary dramatically,
both spatially and temporally. Recent strides irmpatational technology and the
increasing speed of supercomputers, combined wiiensfic improvements in
meteorological and air quality models has spurred tlevelopment of operational
numerical air quality prediction models (e.g., Vhanget al., 2004, McHenry et al., 2004).

In 2003, NOAA and the U.S. Environmental Protectibgency (EPA) signed a
memorandum of agreement to work collaborativelytten development of a national air
quality forecast capability. Shortly afterwardsjomt team of scientists from the two
agencies developed and evaluated a prototype surdaone concentration forecast
capability for the Eastern U.S. (Davidson et a004£). The National Weather Service
(NWS) / National Centers for Environmental Prediot{NCEP) Eta model (Black, 1994,
Rogers et al., 1996, and Ferrier et al., 2003) Wi2Hkm horizontal finite cell size was
used to drive the EPA Community Multi-Scale Air Qiya(CMAQ) model (Byun et al.,
1999) to produce an up to 48 h Ozong)(@ediction. McQueen et al. (2004) and Otte et
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al. (2004) described the challenge of coupling &td CMAQ, and running the coupled
model on a real time basis.

The general performance of the modeling systenhas the system errs on over
prediction (Pleim et al., 2003, Ryan et al., 2004yure 1 displays a typical time series of
computation-domain-wide mean surface; ©bservation (AIRNOW, EPA, 2004),
corresponding prediction and bias over 640 moinigpstations in Northeastern U.S.

FORECASTS and OBS, 1-hr Average Ozone Forecasts v. EPA Obs,
640 US Stations, August 12 - 18, 2003
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Figure 1. Mean predicted CMAQs;®@oncentration (triangle), AIRNOW observed (circked bias error (square)
by forecast hour for all available 12 UTC cycle CldAedictions from August 12th to August 19th, 2

Throughout this study, these 640 monitoring statiawithin the computational
domain formed the basis of the performance vetifica(See Figure 2).

A key uncertainty in regional photochemical modglielates to the specification of
Lateral Boundary Conditions (LBC's) fors@nd its precursor species, within both the
boundary layer and the free troposphere. Spediicaif both temporally and spatially
varying boundary conditions is desirable. Whilefsce measurements of,©an be used
for this purpose to provide some representationOgfvariations along the lateral
boundaries of the surface, this approach aloneatgmovide information on variations
within the free troposphere. An alternate approacko use a global scale model to
provide vertical variations along the lateral boamyd The current study reports on the
issues and impacts associated with such an approach

LATERAL O3; BOUNDARY CONDITION SCHEMES

Uncertainty in the @concentration at the boundaries of the computation
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domain is one of the primary
uncertainties. In the 2003 summer
runs, a climatologically derived O

concentration profile was used.
Profiles presented in Figure 3 were
prescribed for each of the four
boundaries and held static in time.
Real-time or near real-time
measurements may provide better
estimates than climatologic data
derived BC'’s. This study tested thg O

\/f AN forecasts that were generated by
( v NCEP’s spectral Global Forecast
System (GFS) to derive, in part, the

Figure 2. EPA/AIRNOW Ozone monitors in the CMAQ O; LBC's. The GFS model

Northeastern U.S. used in the model evaluatiorurei ; ;
- i r Q -D prognostic variabl
courtesy of the National Weather Service treats as a3 prognostic va able

Meteorological Development Laboratory. (Moorthi and Iredell,_ 1998). It is'
treated as an advection trace species

with simple zonally averaged climatological derivgaroduction and depletion
mechanism (Rood et al., 1991). The GFS ozone i&lized using Solar Backscatter
Ultra-Violet-2 (SBUV-2) satellite observations (NCEP, NOAA 2004&he satellite
provides 12 vertical layers ofs@oncentration, with the lowest layer spanning frit@
surface to 250 mb. The data ingest analysis stédpnihe GFS model system takes the
O; field from a previous GFS forecast cycle as atiahguess and combines it with the
satellite data to generate an updatgdi€dd. At NCEP, both the GFS and the Eta-CMAQ
model systems are run four times per day at 001Rend 18 UTC cycles. Ideally, the
GFS analysis ©field should be used for all CMAQ cycles. Howevitre GFS system
starts later than the Eta-CMAQ system. There ibaur time lag for the 06 and 18 UTC
cycles and a one and a half hour lag for the 00 BEhdUTC cycles between the two
systems. The preparation of LBC’s for CMAQ startsew Eta has finished 48 forecast
hours. At that time, the GFS system is not yetyagadgrovide its analysis results. Hence,
the GFS 6 h forecast of the previous cycle is usedhe CMAQ system to derive its
LBC’s. The GFS system outputs @very three hours on 42 sigma levels over a glbdbal
resolution grid (NCEP, NOAA, 2004b). The GFS fizld is interpolated to the CMAQ
12 km grid spatially and temporally. Another CMAQput preparation step further
extracts time varying 9concentration lateral BC’s. Figure 4 shows an ganof such
GFS Q derived LBC’s. The maxima {ie in the top layer, reaching a magnitude often
in excess of hundreds of ppbv.

300 Kilometers

SENSITIVITY STUDY

A base case (Case A) is defined as a run of CMA®M #s default static BC
profile in Fig. 3. This CMAQ run was started at WZC on May 16, 2004. A 12 UTC
May 17 run was initialized using the May"™&4 hours forecast. The target date for
comparison is May 18 16 — 40 hours into the May "1 7un.

Two sensitivity cases have been devised to invagtighe impact of adopting the
GFS Q for CMAQ’s LBC specifications. First, the entireFG & column is used to
derive the @BC profile (Case B), replacing the default proietirely. Figure 4 presents
a sample of such profiles. It is observed thatcaltihh GFS @in the CMAQ top model
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layer is from around 300 to around 900 ppbv,

in the layers below 6 km (CMAQ layer

18) the Q LBC profile based on GFS is

usually lower in value than that based
on climatologic data, except for the

21 10.6 km

> 16- —— (@ West | 35 porthern boundary. These will be time
= 11 | — (b) North 15 varying profiles_. In Case C, the use of
L ——(c) East : the GFS @ profile is limited to above 6

S ¢ 0.4  Km.This reasoning stems from the fact
o —o— (d) South : that SBUV-2 data are not vertically
< resolved between the surface and 250
s 1 ek : : : , 0.02 km

) 0 25 50 75 100 125 150 mb. The bulk of the total ozone

measured is in the stratosphere.
O3 concentration (ppb) Therefore, the GFS has greater
confidence in predicting 9]
concentrations around the tropopause
and above, where there are satellite
observations, than in those layers below
(NCEP, NOAA, 2004c). In the layers belows @rediction depends totally on mechanical
advection and a simple seasonally averaged cliogitochemical mechanism within the
GFS system. The primary motivation to include i® the GFS was to provide a more
accurate estimate of radiative heating in the atyttere. Therefore, the profile o O
below the tropopause is not an intended produth®fGFS system. On the other hand,
the static LBC @ profile of Case A is not very representative ie tipper layers. The
approach adopted in Case C, attempts to combinsattent features of the two data sets.

Figure 3 Ozone concentration profile used ascst&BIC's
for Case /
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Figure 4. Samples of spatially and temporallyiweay GFS model derived2BC'’s at : (a)
Western, (b) Northern, (c) Eastern, and (d) Soatbeundaries respectively.
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METEOROLOGICAL CONDITIONSAROUND MAY 18™ 2004

On May 18", a fast moving cold front was migrating southeastivfrom the central
prairies of Canada. In addition, the previous westkong high pressure system was
stationed off the U.S. Eastern Seaboard. This sysi@mpered the eastern movement of
the fast moving front. By May 18 the front became stationary between New England
and the Ohio Valley (See Figure 5a). Strong stdionsied in advance of the front, and
the 24 hour precipitation recorded in the southgart of Ohio registered in excess of 1
inch. In association with this frontal passagere¢hgas rather active cumulus convection.
Figure 5b shows a snapshot of the Convection AvklRotential Energy (CAPE) at the
surface layer as described by the initial analg$ithe Eta modeling system. There was
also wide-spread precipitation activity over mué¢the Northeastern U.S., the domain of
our prototype system.

Surface Weather Map at 7:00 AM. ES.T.

Figure 5. Meteorological conditions for May 18, 20(a) Surface weather map, and (b) Eta’s anatgsislt at 6 UTC(
for Convective Available Potential Energy (contoat$00 J kg-1 intervals) overlaid with 3 hour aoclated
precipitation shaded in 3 mm interval. It indicatethaximum in southwestern PA in excess of 24 mm.

TROPOPAUSE HEIGHT PREDICTIONS

Both the GFS and the Eta models have refined rtitructure around the
tropopause. Two of the objectives in obtaining adyoepresentation of those heights are
to improve forecasts of jet level winds and strphesic-tropospheric exchange. The
similarity of the two models in their descriptiohtbe upper troposphere is important for
the assimilation of the GFS;@rom those layers between the two models. Foairs,
the activities due to deep convection would infeeerthe sharp gradients of the, O
concentration near the tropopause. These procebsetd be described in a compatible
manner by the models to preserve these sharp gtadieis thus of interest to compare
the compatibility of their predictions around thhepopause. The predicted tropopause
height from the GFS and Eta models on May 18, 28@reed well. Typically, the
agreement between the two models in tropopausétheigdiction is rather good during
most seasons. This can be partially credited tcstimiar vertical layer structures of the
two models between 300 mb and 20 mb. The GFS niaiell3 uneven layers between
the heights, spaced at about 20-25 mb intervals.Bth model has 12 layers between the
same heights, spaced at about 20-29 mb intervalssi§ency in tropopause height
prediction is a prerequisite to assuming that twe todels are compatible in the



prediction of tropopause dynamics.

RESULTS

Figures 6 a-c present
the bias in the 8-hour
average maximum 0
concentrations in  the
three cases forecasts valid
May 18, 2004. Overall,
the base Case A has the
best performance (See
Fig. 6a), where sporadic
over predictions were
clustered around the New
England area and western
PA. Cases B and C both
showed additional
clusters of over prediction
just behind the cold front.
Noticeably, there were
additional clusters of high
bias between the New
England States and the
Canadian border, over
Lake Erie, and in western

Ohio. These regions
correspond to areas with
prolonged, strong

convective activity on that
day. Between 03 and 18
UTC, the convective
available potential energy
at the surface in these 3
regions averaged in excess
of 800, 900, and 940 J Kg
respectively. Therefore it
can be expected that the
high BC Q concentration
in the top layers derived by
the GFS will be transported
downwards. This is likely
to have contributed to the
additional high bias of
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Cases B and C. Namely, Figure 6. Distribution of 8 h average maximum n@ean bias for May 18,

the frontal convective

2004 for: (a) Case A. (b) Case B. and (c) Cas

movement entrained dJrom the model top layers to the lower layers tigtoudown
drafts associated with clouds.
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Case C showed fewer instances of over predictitimbdethe cold front compared to
Case B. For examples, there were fewer additioitggd hiases just north of New York
State along its border with Canada and the Sta¥eohont, and along the mid stretch of
Lake Erie. This can be understood from the pergpedhat the northern boundary
condition based on the GFS derived @ofile was often higher than that derived from
climatologic average, even for the lowest layeriewes km. Therefore, Case B tends to
have the most instances of high bias in these arl®m® to the northern boundary.
However, in the areas close to the western boundzage C showed more instances of
high bias. In fact, Case B is the only case thdtfesv high bias in western lllinois. This
is attributed to the site’s proximity to the westdvoundary, and to the low BC3O
concentration provided by the GFS forecast in #lyeids below 6 km.

These results demonstrated three shortcomingseimigk of GFS forecast baseg O
BC’s. First, the vertical interpolation of the GK3% profile, from the GFS’s 42 to
CMAQ'’s 22 sigma levels, is probably too coarsehia layers around the CMAQ model
top. Between 300 mb and the model top of 100 méretlare only 2 vertical layers. This
insufficient resolution in CMAQ levels results irdéstorted Q BC profile, with the peak
values extending too far down into the troposphe3econd, the CMAQ vertical
resolution is too coarse to describe thee@trainment activity in convective areas. There
are only roughly 5 vertical layers from 550 mb @inel model top. Third, the dynamics of
Eta may not have been adequately represented wtemeteorological fields were
interpolated from a 60 level step mountain vertgtalicture into the rather coarse sigma
level structure of CMAQ. Therefore, this study sesig further investigation to explore a
more consistent coupling between the various maatadsincreased vertical resolution in
CMAQ near the model top.

SUMMARY

A prototype Eta-CMAQ operational air quality foretassystem had been in use
throughout the summer of 2003 — Case A. Model atalo showed that the system
tended to over predict{It has been proposed that the uncertainties ededowith the
lateral boundary condition for {Oconcentration require investigation. In these semm
runs, climatologic data formed the basis for the A&tk LBC'’s, but these data are less
reliable in the upper troposphere. Therefore, i vpmoposed that NCEP's GFS; O
forecast be used to refine these BC’s. Two schdraee been used to ingest GFSfar
constructing the CMAQ’s LBC profiles. First, thetiea GFS Q profile has been used to
replace the profiles used in the 2003 summer rugase B. Second, only the part of the
GFS Q profiles above 6 km were used — Case C. Resuttwegh that Case A has the
least amount of bias when compared to observatitindoes not suggest that our
confidence in using GFSs@rofiles to derive air quality model;BC profiles has been
decreased. Especially in the upper troposphere, I&sShigh confidence of fidelity in
predicting Q concentrations due to good satellite observatibeee. It does show that a
further investigation of the coupling of Eta and 8®l in the upper layers is required.
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